Regulated gene expression requires control of the transcription machinery, frequently through the establishment of different functional states of the transcribing enzyme RNA polymerase and its attendant activator proteins. In bacteria, major adaptive responses use an enhancer-dependent RNA polymerase, activated for transcription by a class of ATPases that remodel initial promoter complexes to form transcriptionally proficient open promoter complexes. In the present article, we summarize the integrated use of site-specific protein cleavage and DNA cross-linking methods, as well as FRET (fluorescence resonance energy transfer) in combination with X-ray crystallography and cryo-electron microscopy to gain insight into the organization of the enhancer-dependent σ 54 -RNA polymerase and the ATPase-driven activation mechanism.
Introduction
The multi-subunit RNAPs (RNA polymerases) from each domain of life are unambiguously similar in structure and functionality. The widely distributed major bacterial variant RNAP Eσ 54 is of interest since its activity is regulated by specialized ATPases that actively remodel the initial closed promoter complexes, rather than being controlled by recruitment to promoters, as is the case for the more commonly studied major form of the bacterial RNAP Eσ 70 [1] . However, recent studies have provided further examples of Eσ 70 -type RNAPs that are found at promoters awaiting activation [2] . Eσ 54 -dependent bacterial promoters are characterized by highly conserved dinucleotide sequences located at − 24 (GG) and − 12 (GC) with respect to the transcription start site (+ 1 site). Using purified components, it was established that activators of Eσ 54 bound remote enhancer sites (usually located ∼ 150-200 bp upstream of the + 1 site) and engaged the preformed closed promoter complex by looping out the intervening DNA (reviewed in [3] ) (Figure 1 ). Engagement occurs in the ground state with ATP or ADP-BeF [4] or AMP-AlF [5] bound to the activator, and continues in the transition state, studied with ADP-AlF bound to the activator [6] . ATP hydrolysis results in conformational changes in the structure of σ 54 [7] , which are communicated to the core RNAP to allow DNA entry to the active site of the RNAP [8] . Since obtaining high-resolution structures of the different complexes that form during transcription activation is a major challenge, we have employed a range of methodologies that enable clear inferences to be made about the organization of complexes at different stages of the activation process.
Organization of the Eσ 54 and a regulatory centre
Site-specific attachment of iron chelates to σ 54 allowed demonstration of the positioning of σ 54 on the core RNAP [9] and provided clear evidence of the organization of σ 54 on promoter DNA [10, 11] . This approach required placing single cysteine residues at strategic places within the σ 54 protein, at sites that were chosen based on proximity to residues of known functional importance, and retention of activities once conjugated with the iron chelate, FeBABE [Fe(II)-bromoacetamidobenzyl-EDTA]. The work was conducted without any available medium-or high-resolution structure for σ 54 , the lack of sequence similarity of σ 54 to any other proteins also precluded modelling of the structure. The parts of σ 54 that make major contributions to binding interactions with the two conserved promoter elements were successfully identified [10, 11] . Significantly, the part of σ 54 to which activators bind, called Region I, was located near the − 12 promoter region, and the relationship of Region I and − 12 changed upon activation [10] . Together with promoter probe-binding studies [12] , the tethered iron chelate studies firmly established the concept that protein elements interacting with a fork junction structure at the − 12 promoter region act repressively. Proximity mapping of σ 54 to core RNAPs using the tethered iron chelate approach established that σ 54 and the major housekeeping σ factor, σ 70 , bind to overlapping sites on core RNAP catalytic subunits (β and β ) [9] , pointing to a conserved organization, at least at one level, between the enhancerdependent and -independent bacterial RNAPs, and so placing restrictions on how σ 54 might impose its requirement for specialized activators. More recently, changes in the organization of the regulatory centre upon nucleotide-dependent activator binding to σ 54 have been observed using both ensemble FRET (fluorescence resonance energy transfer) [13] and FeBABE [14] and open promoter complexes, it has been possible to establish that the promoter DNA, which will be melted out, is only proximal to core RNAP subunits once the regulatory centre has been reorganized (Figure 2) , regardless of whether the promoter DNA is in duplex or melted conformation, supporting the view that activator-driven protein reorganizations in Eσ 54 catalytic subunits precede DNA opening [15] . Strikingly, the − 12 position in the regulatory centre promoter DNA becomes proximal to core RNAP catalytic subunits once open complexes have formed, suggesting that the − 12 position turns in towards the core RNAP in open complexes, but is retained by σ 54 in closed complexes. Activator-DNA proximities when Eσ 54 is promoter bound 
The activator-σ 54 complex
Using cryo-electron microscopy of native hydrated single particles and image reconstruction, in combination with determining the crystal structure of the ATPase domain of one AAA+ (ATPase-associated with various cellular activities) activator, PspF (phage shock protein F, from Escherichia coli), the organization of a σ 54 -activator complex was determined ( Figure 3A ) [16] . The complex was formed using ADP-AlF to stabilize protein-protein interactions. Several features of the complex deserve comment. The ATPase domain forms a hexamer and conforms to the overall thermophilus Eσ A structure (PDB code 1IW7) and the cryo-electron microscopy reconstruction of the model activator ATPase, the E. coli PspF, in complex with σ 54 (as in A). σ A (shown as a dark ribbon) is fitted into the σ 54 cryo-electron microscopy density. The crystal structure of PspF (PDB code 2BJW) [16] is fitted into the cryo-electron microscopy reconstruction of the complex between PspF and σ 54 . The model is in agreement with the view that the activator ATPase approaches the Eσ 54 -closed complex from the unbound face of the DNA. The enhancer DNA (to which the activator ATPase is bound) and the intervening DNA between the promoter and the enhancer DNA are indicated by a broken line (yellow). The β upstream (US) clamp module of the RNAP is highlighted (in orange ribbon representation).
two-subdomain organization of an α-helical and an α-β subdomain as seen for most AAA+ proteins, with two σ 54 -contacting loops, each arising from the helix 3 of opposing subunits of the AAA+ ATPase domain ( Figure 3A) . Asymmetry of contact to σ 54 may be achieved through non-identical nucleotide occupancy across the six subunits of the operational activator hexamer. Changes in structure of the PspF ATPase domain occur when nucleotides are bound, as is evident from soaking apo-crystals with various nucleotides, apparently causing changes in the presentation of the σ 54 -contacting loops [17] . The hydrolysis of ATP and potentially ATP binding cause reorganization of σ 54 and Eσ 54 complexes with DNA, although which, if any, changes occur in the ground state complex is currently unclear compared with the changes which are clearly evident in putative transition state complexes studied with ADP-AlF (see above).
The activator-Eσ 54 complex
Based upon the cryo-electron microscopy complex described above lacking core RNAPs and using predictive measures of how the DNA looping will restrict the presentation of the enhancer-bound activator to promoter bound Eσ 54 , a model of an initially engaged activator-closed promoter complex can be constructed ( Figure 3B) . The model was built centring σ 54 density on comparable σ A density present within the Thermus thermophilus Eσ A crystal structure [18] . The model predicts that the promoter DNA runs between σ 54 and activator, and does not interact directly with conserved structural features of the core RNAP catalytic subunits, such as the β upstream clamp, which may trigger RNAP conformational change in non-enhancer dependent systems [19] . Proximity of activator to promoter DNA is confirmed by cross-linking work (see above). The model shown in Figure 3(B) suggests that the σ 54 -core RNAP interface must reorganize to allow DNA to enter the catalytic cleft of the RNAP in order that the template DNA locates in the active site of the enzyme.
Perspectives
The organization of Eσ 54 activators as self-associated hexameric structures raises important questions about how many and when subunits engage with the closed and intermediate promoter complexes. Correlating such states of engagement with different functional states of the σ factor and core RNAP, as well as nucleotide-bound states of the activator and how there might be obtained by concerted or other ATPase mechanisms remains a major challenge.
